Characteristics of rotational earthquake ground motions and their effects on structural response are not yet well-defined. Recording rotational ground motions directly in free field is in its infancy, and simultaneous six-component earthquake measurements are being accumulated slowly. A six-degree-offreedom (6DOF) ground motion observation system was installed in the Garner Valley Downhole Array (GVDA), a very well-characterized and well-instrumented geotechnical array in Southern California. Since 2008, six-component free-field earthquake ground motions have been recorded from hundreds of earthquakes with a relatively wide range of hypocentral distances and magnitudes. In this paper, analysis was conducted to develop the characteristics of these measured rotational ground motions. Linear relationships between peak rotation velocity and peak ground acceleration were found, similar to previous 6DOF measurements in Taiwan and Japan. Ratios of rotation to translation as a function of hypocentral distance show larger ground rotations at closer distance, and that rotational ground motions tend to attenuate more rapidly than corresponding translational ground motions. Measured rotational motions show differences from estimations using elastic plane wave theory when using simple local apparent wave velocities. Finally, preliminary empirical relationships for rotational response spectra are estimated for earthquake engineering applications.
Introduction
Earthquake motions of a rigid body can be described fully by six components: three translations (along the x, y and z axes) and three rotations(about the x, y, and z axes). Translational earthquake ground motion forms the basis for traditional seismology and earthquake engineering research and practice. Rotational earthquake ground motions and their effects on structural response are a subject of active research but the lack of good records of rotational strong ground motion prevents this research from progressing [1] . Rotational ground motions are still largely ignored in seismic design of structures, dynamic response estimates of structures subjected to earthquake-induced base excitations are simplified by ignoring the rotational components of ground motion.
There is considerable evidence that rotational components are responsible for structural damage during earthquakes. Hart et al. [2] ascribed large torsional response of high-rise buildings during the 1971 the San Fernando, California, earthquake to torsional ground motions. De la Llera and Chopra [3] , and also Ghayamaghamian et al. [4] , studied the effectiveness of accidental eccentricity considering torsional ground motions. Both suggested that the 5% accidental eccentricity in building design code is efficient for structures with periods longer than 0.3 s. However, for stiff structures with shorter period, the structural response could increase when torsional excitations are included. Trifunac [5] qualitatively pointed out that strong motion rotations play a significant role in the response of structures near earthquake faults. As reported by Kozak [6] , and more recently by Cucci et al. [7, 8] and Sargeant et al. [9] , a number of rotational effects on vertically configured objects such as chimneys, pillars, capitals and gravestones were observed during historical and recent earthquakes, mostly observed in the near field. Absent direct measurements, it is not possible to determine whether the observed earthquake rotational effects are due to true rotational shaking or caused by translational ground motion input to asymmetric structures. However, rotational effect observations on free-field-based objects may be considered a potential indicator of pure rotational ground motion. For the increasing requirements of structural safety and sophisticated structural response analysis, there is a need for direct observation of six-component ground motions and for better understanding of the rotational ground motion components.
Efforts to observe rotational motions and their effects on structural response continue. By assuming that ground motions occur in a linear-elastic, homogenous half-space and that ground Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/soildyn rocking is generated by P, SV and Rayleigh waves, and ground torsion generated by SH waves and Love waves, some researchers have tried to calculate the point rotations based on elastic plane wave theory [10] [11] [12] . These classical assumptions may not hold for very strong ground motions and may underestimate ground rotations by several times in near-field [13, 14] . Other researchers deduced rotational motions of ground or man-made structure indirectly from multiple translational seismometers, which gives the spatially averaged rotations, not the point rotations. This might only be appropriate when the wavelengths are much longer than the separation distance of the translational recordings. This limitation directly results in relatively narrow frequency-band rotations [15] [16] [17] [18] [19] [20] [21] [22] .
Direct measurement of six-degree-of-freedom (6DOF) ground motions with modern instrumentation started in 1994, when Nigbor [23] succeeded in observing significant amounts of nearfield rotational motions from a very large explosion using a solidstate rotational sensor. Soon afterwards, with similar instruments, Takeo [13] recorded near-source rotational earthquake ground motions during an earthquake swarm at offshore region of Ito in Izu peninsula, Japan. Then in 2004, Liu et al. [14] deployed a highresolution triaxial rotational velocity sensor (the R-1 from eentec/ PMD) at HGSD station in eastern Taiwan. During their phase 2 operation (from 8 May 2007-17 February 2008), many good rotational ground records (with signal-to-noise ratio 45) were obtained from 52 local earthquakes. Their preliminary analysis showed an approximately linear relationship between peak ground rotational velocity(PRV) and peak ground translational acceleration(PGA) [24] .
The Garner Valley Downhole Array (GVDA) in Southern California has been an active geotechnical research site since the 1980s [25] , focusing on the measurement of surface and subsurface ground motions to assess soil site response. It has been an experimental component of the National Science Foundation's Network for Earthquake Engineering Simulation (NEES) since 2004. GVDA is very close to major faults with high seismic activity. This has allowed the robust measurement of thousands of earthquakes from near-to far-field [26] . Rotational ground motion monitoring has been part of the GVDA instrumentation portfolio since 2004. A new high resolution rotational ground motion sensor was installed in 2008. In this paper, we will introduce the 6DOF ground motion observations at GVDA, describe a unique data set of earthquake recordings, perform statistical analyses on the characteristics of rotational components, compare measured rotations to those estimated by traditional linear elastic theory, and discuss engineering application of these empirical rotational ground motions.
Simultaneous 6DOF ground motion measurements at GVDA
The Garner Valley Downhole Array is located in a narrow valley within the Peninsular Range batholith in one of the most seismically active regions in Southern California. It is 7 km from the San Jacinto fault, 35 km from the San Andreas fault, and even closer to some minor faults. GVDA is a geotechnical earthquake engineering research site with a primary purpose of studying site response, soil-foundation-structure interaction and liquefaction. As such it has been thoroughly characterized by geotechnical and geophysical tests and is very well instrumented for surface and subsurface ground motions. The near-surface soil beneath the site has 17 m of silty sand, clayey sand, and silty gravel over granite bedrock with an approximately 33 m weathering profile until competent bedrock is attained. Average shear wave velocity in the upper 30 m (v 30 ) is 280 m/s. Details of the site characterization are found in Youd et al. [25] . This exceptionally well-characterized and wellinstrumented site provides an ideal test bed for the empirical study of all six components of earthquake ground motions. The surface layout of the instrumentation at GVDA is shown in Fig. 1 . Location code 21 represents the rotational triaxial velocity sensor and location code 00, 07-10, 12 represent translational triaxial accelerometers on the ground surface. The rotational ground motion sensor is an Eentec Model R-1. This sensor used magneto-hydro dynamic technology to sense the three components of rotational velocity with a frequency range of 0.03-50 Hz. Details on the sensor performance are found in Nigbor et al. [27] . A closer look at the 6DOF ground motion instruments with one R-1 sensor and two accelerometers is shown in Fig. 2 .
Accelerometers for sensing translational ground motion are traditional force-balance servo accelerometers. At GVDA, these are Kinemetrics Model ES-T, with frequency response from 0 to 200 Hz and sub-micro-g resolution. Data acquisition is by 24-bit digital dataloggers recording GPS-synchronized samples at a 200 sample per second rate. Data from the more than 100 channels at GVDA are recorded continuously both locally and remotely at the University of California at Santa Barbara through a complex data communications system. More details about the instrumentation of the GVDA observation system and also the site characterization is available on the official website (http://www.nees.ucsb.edu/facilities/gvda, last accessed on January 2015).
From 11 October 2008-30 December 2014, 215 events were recorded with a wide range of earthquake magnitudes from 3.0 to 7.2, and a wide range of hypocentral distances from 14 km to 207 km. Among these 215events, 74 events have a PGA larger than 0.004 m/s/s, with good signal-noise ratios and relatively wide useable frequency bandwidths. Distribution of these 74 earthquake epicenters is shown in Fig. 3 . Information about these recorded earthquakes is listed in Table 1 . During this period, the magnitude 7.2 EI Mayor-Cucapah Earthquake of April 4th 2010 was also recorded with translational and rotational components. Data are shown in Fig. 4 . It is generally noted in the figures of this paper that NS, EW and UD represent respectively the translational components along north-south, east-west, and vertical axis. ROTNS and ROTEW represent rotational component about northsouth and east-west axis, respectively, both called rocking components. ROTUD represents the rotational component about vertical axis, which is called torsion. For this major earthquake the hypocentral distance from GVDA is 207 km, the PGA is 0.32 m/s/s along east-west direction, and the corresponding PRV is the rocking component around north-south axis, 0.18 mrad/s. Several near-field events with hypocentral distance less than 20 km were measured. The closest earthquake is the event 14995172 with a hypocentral distance of 14.5 km. 6DOF ground motion waveforms for this event are shown in Fig. 5 .
Data processing
It is important to note that the R-1 sensor has a specified bandwidth 0.03-50 Hz (http://www.eentec.com/R-1_data_new. htm, last accessed September 2014) but does not have a flat response in this bandwidth. This was confirmed by the laboratory and field testing of Nigbor et al. [27] . The raw measured rotational data are corrected for instrument response in the band 0.03-50 Hz by deconvolving the R-1′s nominal transfer function (Eq. (1)). Translational accelerations also go through similar instrument correction using the manufacturer-provided pole-zero frequency response. No correction is needed for the data acquisition system, since the R-1 sensor and the triaxial accelerometers share the same GPS-synchronized 24-bit data logger with sample rate of 200sps and matched digital anti-aliasing filtering using linearphase filters with constant group delay.
The nominal frequency response of the Model R-1 rotational sensor is given by: The pentagram stands for the GVDA observation site, and earthquake dot size is proportional to the earthquake magnitude as shown in the legend. Also shown are quaternary faults of Southern California [28] , which show that most observed earthquakes occurred along the San Jacinto and San Andreas fault zones. After sensor response deconvolution, noise reduction by bandpass filtering is the second necessary step for a useful seismogram. This is especially true for small earthquake events where the signal dips below the combined ambient ground vibrations and instrument noise at low and high frequencies. We follow the iterative filtering process used in the standardized processing of translational strong motion records for the PEER NGA database [29] . The signal-noise spectra and visual inspection of integrated displacement time series are used as a guide to select low-and high-cut frequencies, and a zero phase band pass acausal butterworth 6-pole filter is employed at both ends of the spectrum to remove signal energy that is dominated by noise. For a single event, all six components share the same filter parameters to retain the phase characteristics of the motions and avoid offsets in time scale of one component with respect to another [30] . The selected bandwidth will be different for different events. For our 6DOF data set, the filter cut-off is generally controlled by rotational components since they usually have a lower signal-noise ratio than the translational components, particularly in the lower frequency range. The signal and pre-event noise Fourier amplitude spectra for Event 14995172 are shown in Fig. 6 . It can be seen that the translational components have a better signal noise ratio and wider reliable bandwidth, while the rotational data dip below sensor noise at both low and high frequency ends of the signal energy.
For this near-field event, a uniform 2-40 Hz bandwidth is chosen for filtering all six components. Then the rotational velocities are differentiated to rotational acceleration in the frequency domain using forward and inverse FFT calculations. The translational velocity, displacement and also rotational angle are calculated by integrating translational acceleration and rotational velocity. Fig. 7(a)-(c) show all six components for this event in a convenient format for illustrative purpose. For the rotational components, the rocking components are comparable and have relatively higher frequency content and higher peak values than torsional component. All waveforms have gone through similar data processing, and then were analyzed statistically to identify the engineering parameters of 6DOF ground motions in following sections. Note: UID is the data file folder name from the NEES@UCSB database, EVENTID is the unique event identification number assigned in the Southern California Earthquake Data Center(SCEDC) catalog, M L and M W for the local magnitude and moment magnitude respectively, the distance is hypocentral distance determined by depth, latitude and longitude, the PGA and PRV are maximum absolute value after data processing.
comparing simultaneous 6DOF components of ground motion we can begin to find some similarities and differences between the characteristics of the rotational and translational components. In the absence of broader monitoring of rotational ground motions, this will be start to understanding the characteristics of rotational ground motions.
Previous 6DOF ground motion observations in Taiwan and Japan by Lee et al. [24] and Takeo [31] , respectively, have suggested an approximate linear relationship between PRV and PGA. This new GVDA data set shares this linear relationship as shown in Fig. 8 . Among the three rotational components at GVDA, the rocking components are larger than the torsional component for most events. Therefore, the PRV values at GVDA actually comes from the rocking components. However, rotational data from the HGSD station in Taiwan showed that torsional components are mostly larger than rocking components. After this observation we conducted a field check to ensure the correct instrumentation orientation and found no mistake in our rotational or translational sensor channels. The explanation for such difference may be attributed to the different site conditions and different source types in Taiwan and California.
Dominant frequencies
The ratio of peak velocity and peak acceleration (Vmax/Amax) has been used as an approximate measure of the dominant frequency content of a ground motion. A higher value of the ratio usually means a relatively lower dominant frequency [32] . For traditional translational ground motions, the dependence of this ratio on site effects, earthquake magnitude and hypocentral distance has been studied by McGuire, showing that the ratio increases with increasing earthquake magnitude and increasing source-to-site distance [33] . Here we give the ratios for all six components (Fig. 9 ) from our data set. It can be seen that the rotational components contain higher dominant frequencies than translational components for all earthquake magnitudes and hypocentral distances.
Attenuation
Attenuation relationships for earthquake ground motions are important for both seismology and engineering, allowing empirical estimation of ground motions. Much research has been conducted about the attenuation of translational ground accelerations based on a worldwide ground motion data set [29] .
It is not yet possible to attempt similar work for rotational ground motions because of the limited rotational ground motion data and observation locations. As before, we argue that a useful working assumption for this limited data is that rotational motion attenuation will be similar to translational component attenuation.
Earthquake ground motions can be generally represented by:
where Y is the seismic intensity parameter of interest (peak ground acceleration, response spectrum and so on), M is the magnitude, and R is the hypocentral distance, ( ) f M is the source function to represent the earthquake energy release, ( ) f R represents the wave propagation effect and geometry attenuation of the ground motions, and ( ) f S is the site response where the motions are recorded.
The rotational ground motions and translational ground motions from an earthquake source share common features such as source mechanism, wave propagation path, and site condition. By comparing rotational ground motions and translational ground motions, we may derive some characteristics about the rotational ground motions attenuation with hypocentral distance. Ratios of the peak ground rotational acceleration (PRA) to PGA are shown in Fig. 10 ; also shown are the ratios for peak velocity and displacement.
The qualitative trend of the ratios shows larger ground rotations at closer distance. It also shows that rotational ground motions attenuate much more rapidly than translational ground motions with distance. Among the rotational components, the rocking component is generally larger than torsional component and attenuates more rapidly than the torsional component. Two exponential curves were least-square fitted to represent the trend of the ratios. When combined with traditional attenuation patterns of horizontal ground motion, they can be used to preliminarily estimate rotational ground motions where translational ground motions are available. However, this observation is limited to this specific single station because of the data set used in the analysis. Building complete empirical attenuation relationships for rotational components will need more observations, especially spatially distributed recordings for a same earthquake.
Comparison of measured rotational motions with elastic wave theory
Based on classical elastic plane wave theory [10, 11] , seismic plane waves propagate along a path line linking the source point to the site. Seismic ground motion is caused by plane harmonic body waves. The torsional rotational components (ground rotations around vertical direction) and rocking rotational components (ground rotations around transverse direction) are related to vertical and transverse translational acceleration, respectively, through the following relationship:
where the subscript V refers to the vertical axis, and T represents the transverse direction perpendicular to the principle plane. C app is the apparent propagation velocity which is frequency dependent. When the simultaneous ground rotations and translations are both available, the above relationships can be used to verify the accuracy and appropriateness of elastic plane wave theory to estimate rotational earthquake motions. This has been attempted for long period records of far-field seismic events [34] [35] [36] , and also to derive the local wave velocities [37, 38] . C app is usually assigned a constant value. Various values have been used in research studies, such as 0.6 km/s in [39] , or 1-3 km/s in [5] , C app is also assumed to be the average site specific shear wave velocity [16, [40] [41] [42] . It can be seen from above equations that the rotational components scaled from corresponding translational components are sensitive to the value of C app which appears in the denominator and is inversely proportional to the results. Also noted by above equations, the waveforms of rotational velocity and corresponding translational acceleration should be similar under a plane wave propagation assumption. In our 6DOF data set from GVDA, waveform similarities between rotational and translational components have been noted visually for several events, for instance the far-field Mw7.2 event in Fig. 4 . The vertical translational acceleration time series shows similarity to the rocking velocity time series. Fig. 11 compares the waveforms of transverse acceleration and torsional velocity, vertical acceleration and transverse rocking velocity for this M W 7.2 event. The rotational components in right-hand Cartesian coordinate system are rotated to a radial-transverse coordinate system according to the axis transformation method provided by Pham et al. [43] . The translational accelerations are normalized by C eqiv in above equations to have equal peak values with corresponding observed rotational velocities for a convenient comparison of waveforms and Fourier spectrums. C eqiv represents the equivalent apparent velocity as used in the normalization, since it is not the actual apparent wave propagation velocity (see below for details).
As Fig. 11 shows, the rotational velocity waveform does show similarity with the translational waveform for part of the seismogram, especially for long period content, but not for the whole time history. Peak values appear at different times. A frequency domain comparison between the observed rotations and scaled estimations from translational motions, shown in Fig. 12 , is more favorable. The equivalent apparent velocities C eqiv , used in this normalization process, are different for rocking and torsional components, as C eqiv ¼1.39 km/s using Eq. (3) to derive torsional component from transverse translational component, and C eqiv ¼ 0.69 km/s using Eq. (4) to derive rocking component form vertical translational component. These values are smaller than the actual apparent wave propagation velocity, C app $ 2.4 km/s, obtained by cross-correlation coefficient analysis of the GVDA array records of this event. This means that rotational components will be underestimated by 1.7 times smaller for torsional components, and 3.5 times smaller for rocking component for this event if the actual wave propagation velocity were used for estimation. Similar phenomenon for the difference between actual wave propagation velocity and C eqiv has also been noted by Spaudich and Fletcher [20] , and Smerzini et al. [44] (C eqiv refers to scaling factor in their papers).
Furthermore, by employing GVDA 6DOF records and (Eqs. (3) and 4) in terms of peak values, C eqiv for different events are examined in Fig. 13 . C eqiv values vary from 0.2 km/s to 1.4 km/s with different values for torsional and rocking components. Although the C eqiv are different for individual events and rotational components, the consistency between frequency content of observed and normalized synthetic rotations using individual C eqiv is good in both near-and-far-field, see Fig. 12 for the far field Mw7.2 event as an example. The apparent wave propagation velocities for events are calculated by spatial cross-correlation analysis of GVDA linear array records, and travel-time analysis is used alternatively to estimate apparent wave velocities when the cross-correlation analysis method gives unrealistic values. The entire time series are used in the calculation, so the time-frequency dependence of C app is not considered. C app calculated for different earthquake events is shown in Fig. 13 . C app values vary from 1.6 km/s to 9.8 km/s, a sudden increase for near-field earthquake events, which indicates a nearly vertical incidence for this site. A nominal 1 km/s apparent wave velocity will mostly underestimate the rotational components, while a site specific shear wave velocity (v 30 $ 0.28 km/s for GVDA site) will overestimate. Both of these approaches have been used in previous published rotational ground motion estimations. Also seen from Fig. 13 , C eqiv is only weakly dependent on earthquake magnitude or source-to-site distance. It is smaller than the actual apparent wave propagation velocity, especially for near-field condition.
As a concluding remark, the differences between C eqiv (calculated using elastic plane wave equations) and measured apparent wave propagation velocity show that classical elastic plane wave theory may greatly underestimate the ground rotations in both near-and-far field. Care should be taken if Eqs. (3) or (4) are used to generate rotational components from corresponding translational component for engineering application purpose, or are used to estimate local apparent wave velocity from collocated amplitude measurements of translations and rotations. The plane wave assumption may not be valid for generating rotational ground motions, especially close to the source.
Engineering applications
As discussed in the Introduction, effects of rotational excitations on structural response have been recognized in historical and recent post-earthquake damage surveys. Rotational ground motions may contribute to structural damage, especially in the nearfield region where the structures have been observed rotated or toppled.
Analysis of recorded six-component data in last section indicates potentially larger ground rotations at closer distance from the earthquake source. Short-period structures at close distances may then be expected to experience significant rotational ground motions in addition to strong translational motions. Rotational ground motions contain relatively higher frequencies, so for stiff structures like nuclear power plants and dams, more consideration should be given to the effects of rotational input motions. Therefore, it will be necessary to include the rotational ground motion in structural seismic design. Note that, in Eurocode 8 [45] , rotational ground motions are already considered for tall, slender structures like towers.
The response spectrum method is a main tool for seismic design when considering translational motion. Extending the response spectrum to rotational ground motion adds a similarly useful tool when considering rotational ground motions in seismic design. Similarly to the translational response spectrum, the rotational response spectrum represents the peak rotational acceleration of a single degree of freedom rotational oscillator as a function of natural period and damping ratio, excited by a prescribed rotational ground acceleration [46] .
The relationship between rotational response spectrum and the translational response spectrum has been studied for some earthquakes using elastic wave theory in frequency domain [10, 11, 41, 47] . In Eurocode 8, part 6 (EC8.6) the seismic design of tower-shaped structures includes the rotational spectrum in terms of translational response spectrum [45] . However, this rotational spectrum has not been empirically.
In this section, we use our data set of 6DOF earthquake ground motions to study the rotational response spectrum and its relationship with the translational response spectrum. Fig. 14 shows the 5% damped acceleration response spectrum of the M W 7.2 EI Mayor-Cucapah earthquake (eventid 14607652). Note that this is a far-field ground motion record. Among three translational ground motions, two horizontal components are similar to the vertical component in the long periods ( 41 s), while in short periods (o1 s) the horizontal components are more than double the vertical component. For the three rotational ground motions, rotational response spectrum values are similar in the periods below 1.5 s, but for periods above 1.5 s, the rocking components are larger than the torsional component.
Significant additional rotational strong ground motion records will likely not be available in the near future. The existing research Fig. 8 . PRV versus PGA (both after processing) of ground motions recorded in GVDA, also shown here are linear relationships suggested by Lee et al. [24] and Takeo [31] . Fig. 9 . above. Ratio of peak velocities (Vmax) and peak accelerations (Amax) for each channel of six components versus hypocentral distance for recordings in GVDA, approximate dominant circular frequency (2πf) is the inverse of this ratio; below. Local magnitude of observed seismic events along hypocentral distance, sample circle size is proportional to the magnitude.
on estimating rotational ground motion in terms of corresponding translational ground motions, including the work in this paper, has improved the understanding of rotational components due to earthquakes. In this context it is meaningful to further study the possibility of estimating rotational response spectra from translational response spectra. 10. (a) . Ratios of the peak rotational ground motions to peak horizontal ground motions (acceleration, velocity and displacement). (b). Ratios of the peak rotational acceleration to peak horizontal acceleration as a function of hypocentral distance and fitted curves for observed earthquake events recorded at GVDA. For the GVDA data set, the response spectral ratios of rocking and torsional components to horizontal components for all the recordings are shown in Fig. 15 . When calculating this spectral ratio, the two horizontal components and two rocking components are considered independently. There is considerable variability (as is always the case for empirical ground motions), but the trend is clear for the GVDA data set. For both rocking and torsional components, the translation/rotation ratio shows a relatively flat region at high frequency (above 10 Hz/below 0.1 s) and decreases with increasing period. When compared with the definition of rotational spectrum in Eurocode 8, it is found that EC8.6 is about double the average spectra ratio here and gives larger torsion than rocking components.
To make the result more applicable in engineering practice, assume the response spectrum of free-field rotational ground motions can be written as:
where ϕ( ) T is the ratio of rotational response spectrum to translational response spectra. This shape function converts (in an averaged sense) the corresponding translational response spectrum to rotational response spectrum. Fig. 16 shows the spectra ratio for three common design damping ratio: 2%, 5% and 10%. As shown, the difference is not significant for different damping ratio. In Eq. (6) below we give ϕ( ) T , derived by least squares fitting the mean curve in Fig. 16 in two segments. Of course, this single-station empirical ϕ( ) T might be different for different sets of source, path, and site conditions. Further 6DOF ground motion measurements at this station and at other stations will be needed to develop statistically stable shape functions for Eurocode validation and for other rotational response spectrum applications.
Conclusions
At the GVDA array a rotational strong motion triaxial velocity sensor is deployed along with the array of conventional triaxial translational accelerometers. In this paper, 6DOF free-field ground motions with good signal quality from 74 earthquake events with a wide range of hypocentral distances and magnitudes are described. This empirical 6DOF data set was analyzed to investigate the engineering characteristics of free-field rotational ground motions. Sensor response was deconvolved in a standardized manner and recorded rotational velocity time series were differentiated to rotational acceleration in the frequency domain to allow direct amplitude-and phase-corrected comparison of rotational and translational motions from the two types of ground motion sensors. Results of initial analyses of this data set can be summarized as follows:
(1) Six-component ground motions recorded at GVDA show a similar linear relationship between PRV and PGA as suggested by previous observations at Taiwan's HGSD station. However, at GVDA the rocking components are larger than torsional components for most earthquake events, while at HGSD in Taiwan the torsion was generally larger than the rocking components. This is likely attributed to the different types of source and site conditions.
(2) By comparing PRA and PGA, the ratios of PRA to PGA as a function of hypocentral distance was analyzed. Results show relatively larger ground rotations at closer distance, and that the rotational ground motions attenuate much more rapidly than translational ground motions along with distance. Measured rotational ground motions indicate higher frequency content than translational ground motions. Among the rotational components, the rocking component attenuates more rapidly than the torsional component. Exponential functions were fitted to represent the trend of the ratios of PRA to PGA, which could be used to preliminarily estimate rotational ground motions when combined with traditional attenuation pattern of horizontal ground motion. The engineering importance of this observation is that short-period structures in the near-field of earthquake shaking may experience significant rotational ground motions in addition to strong translational motions.
(3) Comparison of directly recorded ground rotations with those calculated from translational motions using elastic wave theory shows large differences in both near-field and far-field recordings. Care should be taken if simple plane wave approximation is used to generate rotational components from corresponding translational component for engineering application purpose, or is used to estimate local apparent wave velocity from collocated amplitude measurements of translations and rotations. In the near-field, plane-wave theory will likely underestimate rotational motions as is observed with this data set.
(4) Rotational response spectra are a useful tool for using roational ground motions in seismic analysis and design. In this study, response spectra of rotational ground accelerations was calculated for different damping ratios and compared with response spectrum of translational ground accelerations. The spectral ratios of rocking and torsional spectra to the corresponding horizontal spectra were analyzed and used to develop a shape function to estimate rotational response spectrum from a translational response spectrum.
Finally, it should be emphasized that the recorded data here are limited in amount and represent a single-station site condition. Also, the limited bandwidth of six-component recordings of these mostly small earthquakes limits the frequency range of this data set. To establish robust ground motion prediction equations for rotational components and to develop rotational response spectra for design will require more observations, especially spatially distributed recordings for more significant earthquakes. Fig. 15 . Ratio of 5% damped response spectra of rocking and torsional acceleration to that of horizontal acceleration for the recorded earthquake events, the thick black line is the mean of them. Fig. 16 . Averaged ratio of response spectra (damping ratio: 2%, 5%, 10%) of rocking and torsional acceleration to that of horizontal acceleration for the recorded earthquake events.
